Chapter 4

Reactions of
Alkenes

Adapted from Profs. Turro & Breslow, Columbia University and Prof. Irene Lee
Case Western Reserve University

Electrophilic Additions: Alkenes

\ / &+ &
C=C, + Y—Z
/ \

the n bond has broken and
new ¢ bonds have formed

the double bond is composed
of a o bond and a  bond

electrophile | | nucleophile

Addition of Hydrogen Halides

CH,=CH, + HCl —> CH;CH,CI

ethene ethyl chloride
H_;C\ /CH_; CH; C‘H3
/C=C + HBr —> CH3CH—CCH3;
H5C CHj ]‘Sr

2,3-dimethyl-2-butene

SEEE oY

cyclohexene iodocyclohexane

2-bromo-2,3-dimethylbutane

What is the product?

C‘H_; CH; (‘:H3
CH;C=CH, + HCl — CH3(|:CH3 or  CH;CHCH,CI
Cl
2-methylpropene tert-butyl chloride isobutyl chloride

Carbocation formation is the rate-limiting step

C‘H3 CH;
CH;QCH3 i> CH3(|?CH3
CcH, / tert-butyl cation a
| tert-butyl chloride
CH;C=CH, + HCI only product formed
CHj; CH;
[ a |
CH;CHCH, ——  CH3;CHCH,CI
isobutyl cation isobutyl chloride
not formed

Which carbocation is more stable?

Carbocation Stabilities

S WS U
R 7C‘+ > R— C‘+ 7C‘+ 7C|+
R H H H
a tertiary a secondary a primary methyl cation
carbocation carbocation carbocation
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Alkyl groups decrease the concentration of positive
charge in the carbocation

$Q0ue

electrostatic electrostatic
potential map potential map
for the ethyl cation  for the methyl cation

electrostatic electrostatic
potential map potential map
for the tert-butyl cation  for the isopropyl cation

Delocalization of Electrons

hyperconjugation

H"

Molecular Orbital Diagram in a
Hyperconjugation System

empty p
orbital

ed o
bond
C—H

Energy

Hammond postulate: the transition state will be more
similar to the species that it is closer to energetically

+ symbolizes the
+ transition state
A—B + C an A B C A + B—C

an A

Exergonic reaction: early transition state
resembles reactants (l).

Endergonic reaction: late transition state
resembles products (ll).

an endergonic
reaction

Free energy

T F T Tan exergonic
Progress of the reaction W I

II: mid-transition state  Ill: later transition state

I: early transition state
(Like products)

(Like reactants)

Markovnikov’s Rule

The electrophile adds to the sp? carbon that is bonded to
the greater number of hydrogens

on,

o fHh |
CH;C=CH, + HCl — CH;CCH; CH3;CHCH,Cl1
2-methylpropene Cl

only product formed

In a regioselective reaction, one constitutional isomer is the
major or the only product.




Explained by the intermediates, for example:
tert-butyl cation is formed faster and it is more stable

Free energy

than isobutyl.

the difference in
the stabilities of the
transition states

CH;
¥
CH;CHCH, isobutyl cation
CH;

|
CH;,gCH; tert-butyl cation
the difference in
the stabilities of the
carbocations

———
Progress of the reaction

Markovnikov's Rule

When an unsymmetrically substituted
alkene reacts with a hydrogen halide,
the hydrogen adds to the carbon that
has the greater number of hydrogen
substituents, and the halogen adds to
the carbon that has the fewer hydrogen
substituents.

Markovnikov's Rule

CH;,

HBr
— CH,—C —CH,

acetic acid

Br
(90%)

Example 2

Regioselectivity of
Hydrogen Halide Addition:
Markovnikov's Rule

Markovnikov's Rule

HBr
CH,CH,CH=CH, ——

CH,CH,CHCH,
acetic acid \

Br
(80%)

ExampleA

Markovnikov's Rule

HCl ‘/\<CH3
—_—

0°C — Cl

(100%)

Example/3




Mechanistic Basis
for
Markovnikov's Rule

Mechanistic Basis for Markovnikov's Rule:
Example 1

o
CH,CH,CH—CH, + Br-

-\

CH,CH,CH=CH,

CH3CH2C‘HCH3
Br

Mechanistic Basis for
Markovnikov's Rule:
Example 3

Mechanistic Basis for Markovnikov's Rule:
Example 1

HB
CH,CH,CH=CH, ———»  CH,CH,CHCH,

acetic acid \
Br

Mechanistic Basis for Markovnikov's Rule:
Example 1

¥
CH,;CH,CH,—CH,
primary carbocation is less stable: not formed

o
CH,CH,CH—CH, + Br-

-\

CH,CH,CH=CH, CH,CH,CHCH,

\
Br

Mechanistic Basis for
Markovnikov's Rule:
Example 3




Mechanistic Basis for
secondary

H
; v /Jr/\/ H Markovnikov's Rule:
carbocation is Example 3
less stable: N

not formed T CH,

H H

K
‘ +)>—CH; CI-

—_

Carbocation Rearrangements in
Hydrogen Halide Addition
to Alkenes

Rearrangement of Carbocation
1,2-hydride shift

a more stable
carbocation

CH, CH, CH;
(‘II;(‘TII*CII:C/IIZT\;IQM — cnx(‘*féncn, > CH;C—CH,CH;
3-methyl-1-butene ILJ a;eniary
a secondary - carbocation
addition to the | carbocation 2adisjontothe lﬁr
e carvocion | oy,
s CHC—CH:CHy
CH;CH—CHCH; Br
l‘ir major product

minor product

Drag the 1 bond to the more electrophilic atom of HBr.

cH,  CH
So=c” + H—Br —>
SN ’

ci, H

Rearrangements.;sometimes/oecur,

H,C=CHCH(CH,),

l HCI, 0°C

|+
.
CH,CHCH(CH;), ——>  CH,CHC(CHj),

|

CH3C‘HC (CHy), CH3CH2?(CH3)2

Cl (40%) 60%) Cl

Rearrangement of Carbocation

a more stable
carbocation

1,2-methyl shift

CH, CH, CH,
| 9 [ |
CH;C7CH:C/HZ_+\‘H7CI — CHC—CHCH; ——————— CHC—CHCH,
, (‘:ﬁf a 1,2-methyl shift (‘:Hw
3,3-dimethyl-1-butene a secondary a tertiary
addition to the | carbocation carbocation
unrearranged lq— o
carbocation carbocation
™ ™
CH;(“—(“HCH‘ (111;?*(“,11013
CH;Cl Cl CHj
minor product major product




Carbocation Rearrangement
Ring Expansion

CH@ CH;
CH;/,\ , CH
H* Br
D<CH=CH2 — \I‘CH CH; 7CH; CH;

a more stable
carbocation

Carbocation does not always rearrange ...

CH, C]H3 (‘:HJ
+ +
CH;CHCH,CH=CH, + HBr ——> CH;CHCH,CHCH; -¢> CH;CHCHCH,CH;

4-methyl-1-pentene ) _ 5 -
lBr’ the carbocation does
not rearrange

i
CH,CHC} lﬁl ICH,

Br

Addition of Halogens to Alkene

A W .. ..
Br—Br: zC CH-. HC CHa + Br — :BrCH,CH,Br:

1,2-dibromoethane
K bmmomum ion a vicinal dibromide

The Halonium lon 1

Acid-Catalyzed Addition of Alcohol

(ethers)

™ (s I fast

, + H-OCH; =2 CHiCHCH; + CHiOH —=== CH;CHCH;
:
-

| |
H f' .(‘)( H,
H
HCH;:QH
fast

CH;(‘THCH; + CH'«-?’H
:QCH; H

an ether

Addition of Water to Alkene

(alcohols)

mechanism for the acid-catalyzed addition of water Teonaed
— alcohol

CH.CHECH, + H\—E‘jﬁ oW CHCHOH, + H,QF —2% CHLCHCH,

|
e
H OH  JH,0 removes a
addition of ]_‘] proton, regenerating
the electrophile ‘\/ the acid catalyst

H,0:
fast

CH,CHCH; + H,0:
u

Mechanism of an alcohol
Hydration 1

Addition of Halogens

in the Presence of Water
(halohydrins)

mechanism for halohydrin formation

slow 7 ,0: .
cH.CHZCH, %, CHyGH— CH et CH{CHCH,—

2 " fast —2%, CH,CHCH,—Brt + Hi0%




Oxymercuration and Mercuration Addition of Borane
of Alkene Hydroboration—Oxidation
(alcohols w/o carbocation rearrangement)
mechanism for oxymercuration Anti-Markovnikov’s rule in product formation
fac 0Ac (less substituted alcohols) l
y :H$70Ac ('l\lg*
1 > H0t
CHyCH=CH, — CH;CH—CH, —>— CH;CHCH,—Hg—OAc - 1. BH3/ THF
T CHiCH=CH, 36 fioi5° CHiCH.CH,0H
9 *AO N propene 1-propanol
AcO™ = CH;CO™ l’-éw
il H,S0
CHiGHCH, —H —O0Ac CH;CH=CH, * CH3(|ZHCH3
:OH + AcOH propene OH
2-propanol
CHGHCH, —Hg—OAc. M CH.CHCH, + Hg + AcO Vs. Markovnikov’s rule in product formation
OH OH (more substituted alcohols) !

Formation of Alkyl Boranes
(@) Mydroboration-oxidation adds the clements of water to an alkenc. In
Anti-MarkOVnikOV the first step, borane adds from one side of the alkene. Click "Begin”
0 start.
Addition
Boron adds to least hindered carbon CH.CH — CH, —BH—R
T i
CH;CH=CH, + R—BH, — H >C‘:(‘H3 + BHy ———————> CH:+—C—CH;
an alkylborane a dialkylborane Ota 2. 1202, O, HO- ("H
Rfl‘%H CH;ClH—CHz—]|3—R
CH;CH=CH, + R — H =
a dialkylborane a trialkylborane
Examples of Anti-Markovnikov
Anti-Markovnikov Markovnikov Addition of an OH Group
Addition Addition
Boron adds to least hindered carbon Formation of the most
and is replaced w/ -OH by oxidation stable carbocation CH;3 CH;3
CH. éHCH*CH 1EBHS/THE CH éHCH CH,0H
0 o 3 — ™2 "27HO, H,0,, H,0 3 2-Hg
" 3-methyl-1-butene e 3-methyl-1-butanol
CH; CH;

\ 1. BH3/THF

= N
CH3$CH CH, 2. HO-, H03, F0 CHg?CHZCHZOH
ranarion state transiion state ranaiion stte wanstton stte CHs CH;
. . . 3,3-dimethyl-1-butene 3,3-dimethyl-1-butanol
(A type of pericyclic reaction; important

reaction and mechanism in directing
reactions both regio- and stereo-
selectively.)




Carbene: another reactive intermediate
Reaction with an Alkene

:éHzfﬁlzN — N, JFCCI{2 — /U
H2C=CH2

Generation of Free Radicals
Using 1/2 arrows for the movement of one electron
AP light 2 RG-

RO—OR
an alkyl peroxide A alkoxyl radicals

N " ..

> + : —> R—0—H + Br:
a bromine

radical

Synthesis of Bromobutane Isomers

Br

|
CH3CH,CH=CH, + HBr —— > CH;3CH,CHCH;4
1-butene 2-bromobutane
id
CH;CH,CH=CH, + HBr —2=r®€. CH,CH,CH,CH,Br
1-butene 1-bromobutane

Addition of Radicals to Alkenes

Initiation — Propagation — Termination

5. 2:Br — Bn

CH, CH,3
6 CHCORE: + i — CHCCR:
Br: termination steps
CH, CH;CH,
7. 2CH3(‘;CH2]:3:r: —> :BrCH,C—CCH,Br:
CH3‘CH3

Relative Stabilities of Alkyl Radicals

secondary radical primary radical

tertiary radical

lli R I‘JI H

R—Cl' > R—C- > R—C- > H—C-

R H H H
methyl radical

Addition of Hydrogen to Alkenes

Pt/C
CH3CH:CHCH3 + H2 I CH3CH2CH2CH3

2-butene butane
CH; CH;
| Pd/C
CH3C:CH2 + H2 —> CH3CHCH3

2-methylpropene 2-methylpropane

N_
SR

cyclohexene cyclohexane




Catalytic Hydrogenation of an Alkene

; / \
N\

He

hydrogen molecules settle

on the surface of the catalyst

the alkene approaches the
surface of the catalyst
and react with the metal atoms

the r bond between the two

carbons i replaced by two
C—H o bonds




